Thin films of copper tungstate (CuWO 4 ) have been prepared through electrodeposition and tested as the anode material for photoelectrochemical (PEC) water oxidation. We found that hydrogen-treatment over the synthesized CuWO 4 at high temperatures led to enhancement in the PEC performance for water oxidation. The origin of this activity enhancement is attributed to the enhanced kinetics of electron-hole pair separation due to the increased carrier concentration induced by oxygen vacancy formation upon hydrogen-treatment. The incorporation of oxygen vacancies also resulted in enhanced light absorbance in the visible light region because they introduce shallow donors as predicted by first-principles calculations. Nevertheless, incident photon to electron conversion efficiency (IPCE) measurements indicate that light absorbed at long wavelength region after hydrogen-treatment is not successfully utilized to oxidize water. This report provides insights on the effect of hydrogen-treatment on the structural, optical, and electronic properties of Solar energy is a sustainable and abundant energy source which has the potential to alleviate energy and environmental issues caused by the large-scale consumption of fossil fuels and also to simultaneously fulfill the ever-increasing energy demand of mankind.
Solar energy is a sustainable and abundant energy source which has the potential to alleviate energy and environmental issues caused by the large-scale consumption of fossil fuels and also to simultaneously fulfill the ever-increasing energy demand of mankind. 1 Among a variety of fuels that can be produced by artificial photosynthesis, solar production of hydrogen from protons through photoelectrochemical (PEC) water splitting stands out and provides a viable, clean, low cost, and renewable energy source. 2, 3 Stimulated by the possibility of using hydrogen from water as a source of energy, a significant amount of research has been devoted to searching for efficient semiconductor materials as electrodes for the PEC water splitting since the pioneering work of Fujishima and Honda on n-type TiO 2 photoelectrodes in 1972. 4 Despite continuous efforts over decades, the search for a suitable electrode that could lead to the practical application of PEC water splitting for hydrogen production has so far failed due to the harsh and even contradictory requirements an ideal electrode should meet, such as sufficient bandgap, proper band edge positions, ability to utilize visible light, low rate of electron-hole recombination, suppression of reverse reactions, insolubility in water, and high corrosion resistance, to name a few. TiO 2 suffers from the inability to harness visible light due to its large bandgap (3-3.2 eV). 5, 6 α-Fe 2 O 3 has a suitable bandgap of 2.1 eV, but it suffers from low charge carrier mobility and a short hole diffusion length. 7, 8 WO 3 is soluble in water at pH greater than 5 and can only absorb the blue-violet part of visible light spectrum because of its large bandgap of 2.7 eV. 9, 10 These deficiencies of binary metal oxides drive attention to ternary oxides since the properties of binary oxides could be modulated by the addition of a new element. To circumvent the drawbacks of WO 3 , triclinic copper tungstate (CuWO 4 ) has attracted much attention. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] CuWO 4 has a direct bandgap of ∼2.4 eV. The narrowed bandgap, as compared to WO 3 , was explained by the raised valence band maximum due to the hybridization of Cu(3d) and O(2p) orbitals. 15, 21 CuWO 4 also has improved stability in neutral electrolyte compared to WO 3 . 22 This advantage can also be traced to the strong Cu-O bond, which limits the formation of soluble tungstate. However, the introduction of localized Cu(3d) orbitals also lead to poor charge transport properties. 21 Therefore, enhancing the mobility of charge carriers in Bohra et al. found that the charge separation efficiency of CuWO 4 can be increased by doping Fe, which results in an improved solar-tohydrogen conversion efficiency. 24 Hydrogen-treatment can reduce metal oxide semiconductor materials by introducing oxygen vacancies and hydrogen impurities and thus is a simple method to increase the donor density and electrical conductivity. In recent years, several common photoanodes, TiO 2 , [25] [26] [27] [28] [29] [30] α-Fe 2 O 3 , 31,32 WO 3 , 33 and BiVO 4 , 34, 35 have been treated using this method and resulted in photocurrent density enhancement. By analogy, in this work, the annealed electrodeposited CuWO 4 films were further thermally treated under an atmosphere of 5% hydrogen in argon. We observed an enhancement of light absorbance in the visible light range and an increase in photocurrent density after hydrogentreatment. By combining experimental and theoretical methods, we discovered that the mid-gap states generated by O vacancies are responsible for the stronger absorption of visible light. However, the enhanced absorbed visible light is not utilized for water oxidation as shown by IPCE measurements. The increased photocurrent density can therefore be explained by the enhanced charge carrier density as evidenced by Mott-Schottky measurements.
Results and Discussion
Material characterization.- Figure 1 shows the morphologies of the annealed CuWO 4 film and hydrogen-treated CuWO 4 film prepared at 250
• C (this sample shows the highest photocurrent density). For simplicity, we use H 2 :CuWO 4 to denote the hydrogen-treated CuWO 4 sample with optimal performance in the following discussions. The SEM images reveal that the electrodeposited CuWO 4 films are porous and could be described as interconnected nanoparticles. The particle size distributions based on SEM images are measured using ImageJ software 36 and there is no obvious difference in the average particle sizes before and after hydrogen-treatment (∼200 ± 10 nm). The thickness of the CuWO 4 film is about 2.5 µm observed from the cross sectional SEM image (shown in Figure S3 ). The stoichiometry of the film was checked with eight individually synthesized samples. The value of Cu/W ratio is close to the formal composition of 1.0 for CuWO 4 (shown in Figure S4 ).
The synthesized thin film was further characterized by XRD to determine the phase of the materials and the effect of hydrogentreatment on the material's crystallinity. As shown in Figure 2a , XRD patterns of annealed CuWO 4 films can only be indexed to triclinic CuWO 4 (PDF # 01-088-0269). After hydrogen-treatment at various temperatures, the XRD spectrum of the CuWO 4 thin film remains unchanged, indicating that hydrogen-treatment did not change the degree of crystallinity and the phase of the material. When the XRD patterns are examined more closely for 2θ values at 17-21
• , 22-25
• , and 30.5-33
• , as respectively shown in Figures 2b, 2c, and 2d, noticeable shifts of diffraction peaks after hydrogen-treatment are observed. The center position of the (100) peak shifts from 18.98
• (the center of the (100) peak for CuWO 4 ) to 19.03
• (the center of the (100) peak for CuWO 4-x (PDF # 00-021-0307)). The (010) 33 As shown in Figure S5 , O 1s XPS spectra of CuWO 4 consist of two peaks centered at 530.10 and 531.01 eV. The peak at 530.10 eV is consistent with the typical binding energy of the O(1s) line of CuWO 4 , while the peak at 531.01 eV can be assigned to surface hydroxide. 15 The second peak shifts from 531.01 eV to 531.32 eV. A similar behavior has been observed for hydrogen treated BiVO 4 . 35 XPS analysis shows that the metal components of CuWO 4 are partially reduced after hydrogen-treatment due to oxygen vacancies, which is in agreement with the result from XRD.
Optical and electrical properties.-As shown in Figure S2 , the incorporation of oxygen vacancies into the CuWO 4 thin film leads to dramatic color change of the samples. The sample color becomes visibly darker after hydrogen-treatment. This apparent darkening becomes more obvious for samples annealed at higher temperatures. The (Figure 4 ). An increased UV-vis absorption has been previously observed in other hydrogen-treated metal oxides, notably TiO 2 .
8, 25 The authors have ascribed this increase to the introduction of oxygen vacancies and the increased hydroxyl groups that act as visible light-active defect sites. The net result is a broad increase in absorption of visible light to and from the mid-bandgap energy states of these defect sites, which results in the change from white to black TiO 2 coloration. The hydrogen treatment of our CuWO 4 films creates similar vacancies which likewise act to increase film absorption. In addition to the optical properties, electrical properties are also shifted after hydrogen-treatment. the charge carrier densities of these films at 5 kHz frequency can be calculated (a dielectric constant of 83 for CuWO 4 is used 11 ). The charge carrier density of the pristine CuWO 4 film is calculated to be 3.08 × 10 18 cm −3 , while the calculated charge carrier density of the H 2 :CuWO 4 film is 7.42 × 10 18 cm −3 -more than twice that found for the untreated CuWO 4 film.
Electronic structure by first-principles calculations.-The density of states (DOS) plot of CuWO 4 from a DFT-HSE06 calculation is shown in Figure 6a . The bandgap is calculated to be 2.4 eV, which is in agreement with experiments. 14, 15, 17 The valence band bottom charge carrier density of the CuWO 4 film is increased by hydrogentreatment. Consistent with the electronic structure, the absorption spectrum of CuWO 4 with O vacancies (shown in Figure 6d ) exhibits much higher absorption in the low energy regime than untreated CuWO 4 . This computational result is also consistent with observations from UV-vis absorption spectra. Light absorption in the long wavelength region can be attributed to the transitions from the valence band of CuWO 4 to the oxygen vacancy level or from the oxygen vacancy level to the conduction band of CuWO 4 .
26,28
PEC measurements.-The PEC properties of the pristine CuWO 4 and hydrogen-treated CuWO 4 films were measured with linear sweep voltammetry (LSV) experiments. In these measurements, we used a 0.1 M KBi buffer solution of pH = 7.0 as the electrolyte because CuWO 4 shows high O 2 evolution faradaic efficiency (∼97%) and only slight degradation in this solution. 22 Results of these measurements are shown in Figure 7a . It can be seen that CuWO 4 films exhibit higher photocurrent density after hydrogen-treatment. Particularly, the CuWO 4 film treated at 250
• C showed the highest photocurrent density at 1.23 V vs. RHE, which is about 50% higher in efficiency compared with the non-treated film.
From the discussions of the last section, the incorporated O vacancies can introduce shallow donors into the bandgap, which result in an increase in charge carrier density and enhanced visible light absorption. The improved activity observed in the PEC experiments should be related to the two effects induced by O vacancies. In one way, the increased charge density could result in the enhancement of the strength of electric field in the depletion layer, which then leads to faster electron-hole pair separation. In the other way, the increased numbers of electron-hole pairs generated by the absorption of visible light could directly participate into the reaction.
To examine the idea of enhanced electron-hole pair separation kinetics, we examined the influence of illumination direction on PEC activity. During the PEC measurements, two illumination directions -front-side and back-side -are included. The front-side is the interface of CuWO 4 thin film and electrolyte, while the back-side is at the interface of CuWO 4 thin film and the FTO electrode. For electronhole pairs generated at the front-side, photoelectrons need to travel across the whole thickness of thin film to get to the FTO electrode. On the other hand, a photo-electron generated at the back-side is in the vicinity of the FTO electrode. As shown in Figure 7b , the photocurrent of the non-treated CuWO 4 film from back-side illumination (∼0.21 mA/cm 2 ) is higher than that of front-side illumination (∼0.16 mA/cm 2 ) at 1.23 V vs RHE. The reason for the difference relates to the diffusion length the excited electron needs to travel to the FTO and hole collection depends only on the size of the nanoparticle due to the porous morphology. However, the trend reverses after hydrogen-treatment. The photocurrent of H 2 :CuWO 4 with front-side illumination (∼0.26 mA/cm 2 ) is higher than that of back-side illumination (∼0.20 mA/cm 2 ), which indicates that the electron diffusion is greatly enhanced so that it is no longer limits the photocurrent. An increase in the electron diffusion length in hydrogen-treated CuWO 4 does not have an obvious effect on the photocurrents under back-side illumination. This is because for the back-side illuminated samples the electron diffusion length in pristine CuWO 4 is already appropriate for the transfer of photogenerated electrons to the FTO substrate. Therefore the photocurrents under back-side illumination for CuWO 4 and H 2 :CuWO 4 are quite similar.
To test the second hypothesis for activity enhancement, the IPCE measurements were performed to investigate the relation between the wavelength of the incident light and the PEC activity. Figure 8 shows the IPCE spectra for CuWO 4 4 . These results imply that light absorbed at wavelengths of greater than 525 nm is not successfully used to carry out water oxidation. Similar phenomenon has also been observed for hydrogen-treated TiO 2 . 26, 28 These authors attributed this to the inefficient collection of charge carriers generated with long wavelength light excitation because of their overall short lifetime.
A stability test for 3600 s was made to measure the photostability of CuWO 4 and H 2 :CuWO 4 photoanodes. The photoelectrochemical stability of the CuWO 4 and H 2 :CuWO 4 films from front-side illumination under a constant bias of 1.23 V vs RHE is shown in Figure  S6 . For CuWO 4 , the photocurrent approaches a stable anodic current of ∼0.17 mA/cm 2 after a slight decrease during the first few minutes and decreases ∼2% of photocurrent over 3600 s showing an excellent stability in 0.1 M KBi buffer (pH 7.0). For H 2 :CuWO 4 , a decrease of ∼9% in the photocurrent is observed after 3600 s test. This indicates that the hydrogen-treated CuWO 4 films have an acceptable photostability although they are not as stable as the untreated CuWO 4 films.
Conclusions
In summary, it has been shown that hydrogen-treatment of CuWO 4 leads to an enhanced PEC activity in water oxidation. The XRD and XPS analysis of pristine and hydrogen-treated CuWO 4 show that the improved activity due to hydrogen-treatment is due to the formation of oxygen vacancies. In addition, the formation of oxygen vacancies results in a higher carrier concentration and an increase in visible light absorption. Insights from first-principles calculations relate these modifications of properties to the formation of mid-gap states localized in Cu(3d) orbitals upon oxygen vacancy formation. Furthermore, IPCE measurements rule out the possibility of successful conversion of the long wavelength light absorbed after hydrogentreatment. Therefore, we propose the enhanced activity is due to the enhanced electron-hole pair separation kinetics, a result of higher charge carrier concentration. This study sheds light on the effect of hydrogen-treatment on the structural, optical, and electronic properties of CuWO 4 and the resulting improvements in PEC activity of this material.
